Abstract The paper firstly presents an experimental study in a SBR pilot plant operated at 20 8C for nitrogen removal from a very small village wastewater. The plant consisted of only one reactor fed continuously throughout the day and aerated intermittently. Two tests with seven and three intermittences of mixing/aerated phases were conducted and verification of the results by simulations of the activated sludge model (ASM) was also carried out. The experimental results and simulation showed that a wide range of effluent NO 3 -N can be obtained using different numbers of intermittences and values of the oxygen transfer coefficient (K L a). At the same time, the paper presents a design procedure for SBR processes based on an iterative process of simulations of the ASM model. After the selection of the cycle time, the mixing/aeration pattern, the initial volume, the solid retention time, and the duration of the phases, the simulation is undertaken, resulting in values for the effluent NH 4 -N and NO 3 -N, and the suspended solids before settling. Then, the latter parameters are verified to match the effluent and settling requirements. As an application of the design procedure, the effect on design and operation of different SBR configurations and of several operating conditions are analysed in three case studies.
Introduction
Applications of SBR in small treatment plants in rural areas (Schleypen et al., 1997; Wilderer et al., 2001; Barjenbruch and Erler, 2005) of many regions throughout the world have been regularly reported in the last years. This is because the SBR provides simplicity and flexibility. In addition, plants can be built compactly and economically. In the province of Alava in Northern Spain, there are more than two hundred small rural villages of less than 5000 inhabitants, in which new biological treatment plants will be built in the next five years. For this purpose, the Alava Water Authority (A.W.A.) has selected the SBR process with one or two reactors as a reference for the biological treatment. In order to achieve an appropriate design and operation of the future facilities, the A.W.A. funded a research project that included both experimental and simulation studies. In an initial phase, the experimental study focused on the use of a single reactor being fed for twenty-four hours. Simulations of the experimental tests were carried out in order to improve the evaluation of the observed behaviour. At the same time, the adoption of a design procedure was another objective. An initial reference was the ATV guideline ATV-M210 (published in 1997) with further contributions being made in several subsequent publications (Artan et al., 2001 (Artan et al., , 2002 Teichgräber et al., 2001 ) and culminating recently with the Technical Report no 19 of the IWA (Artan and Orhon, 2005) . At the same time, dynamic simulations based on activated sludge models (ASM) are being increasingly applied in the design of continuous plants. They have been shown to be a user-friendly and efficient method. Consequently, the development of a simulation-based design procedure in which the simulations were nested within the iterative process was considered an interesting objective.
Firstly, this paper presents the evaluation through simulations of the experimental study. Secondly, the new design procedure is described for nitrogen removal and finally, it is applied in order to study the effect of different SBR configurations and operational conditions.
Experimental study
A pilot plant configured with a single SBR reactor was installed in the village of Armiñon, which has about 100 inhabitants. The plant with a maximum volume (V max ) of 700 litres and an initial volume (V o ) of 350 litres was equipped with a programmable logic controller (PLC) to regulate the different available operations, i.e.: feeding at a constant flow rate of 10 l/h for 22 hours, aerating intermittently with membrane diffusers, and settling and withdrawing from 3 to 5 a.m. Wasting was carried out before starting settling at 3 a.m. Control of dissolved oxygen was not implemented.
After several measurement programs, the diurnal profiles of the flow rate and concentrations of raw wastewater in dry weather conditions (DWC) were estimated to be approximately as gathered in Figure 1 , using normalized values. Estimated average values were: COD total: 550 mg/l, COD filtered: 180 mg/l, NH 4 -N: 35 mg/l. Nitrogen removal was only demanded in summer by the Water Authorities, with the aim of achieving NH 4 -N values of 0-2 mgN/l and NO 3 -N of about 10 mgN/l to meet a total nitrogen requirement of 15 mgN/l. The solids retention time (SRT) was adjusted to about 10 days, and initially the aeration was intermittent with seven repeated cycles of 1 hour anoxic and 2 hours aerated, following typical patterns shown in the literature (Schleypen et al., 1997; Kazmi and Furumai, 2000) . Nevertheless, a poor denitrification was observed in these conditions with NO 3 -N values of 20-30 mgN/l. The simulation of the experimental test revealed that poor denitrification was due to high oxygen concentrations in unaerated mixing intervals, which in turn was caused by a) the high dissolved oxygen concentration in aerated intervals arising from the use of high values of the oxygen-transfer coefficient (K L a), b) the low oxygen uptake rate (OUR) from using low suspended solids in mixed liquor (X ML ) values (1000 mgSST/l), and c) the limited duration of mixing intervals. To overcome the problem, the intermittent aeration was changed to three denitrification-nitrification cycles (1 h mixing, 3 h aerated, 4 h mixing, 4 h aerated, 5 h mixing, 5 h aerated). The new operational strategy was successful with effluent NO 3 -N values of 5-10 mgN/l as predicted by simulation (Figure 2 ). The main reason underlying the successful behaviour in full-scale plants using the intermittent aeration pattern with low durations of the mixing intervals is the general application of low K L a values and high OUR derived from the operation with high SRTs and X ML . Artan and Orhon (2005) indicated that a wide range of effluent NO 3 -N can be obtained for different K L a values applied in the intermittent aeration process, concluding that dissolved oxygen control might be important. In this respect, it is thought that a suitable combination of the dissolved oxygen (DO) control pattern and the number of intermittences should be established so that a reasonable value of maximum K L a is obtained. For this purpose, the use of a DO controller which follows a predefined slow DO increase with a ramp pattern at the beginning of the aeration interval is proposed (Larrea et al., 2002) . The application of this strategy to the case of Armiñon is described later.
Design procedure for SBR processes
The procedure was developed to address the design and also the operation of generic scenarios where the SBR is being applied for nitrogen removal. It focuses particularly on small plants, although it is also valid for medium and large plants. First of all, several parameters must be defined: i) wastewater characteristics (including the daily variability of the flow rate and concentrations in dry weather (DWC) as well as in wet weather conditions (WWC)); ii) effluent requirements regarding NH 4 -N and NO 3 -N in composite samples; iii) other requirements such as maximum sludge volume index (SVI), K L a and water height in tank (H w,max ) as well as temperatures in winter and in summer, minimum SRT or predefined high SRT for stabilization purposes.
Secondly, the configuration of the SBR process should be selected from amongst those generally applied for small plants. Possible configurations include a) continuous filling with intermittent aeration; b) alternated filling of 2 tanks without using a holding tank. (The aeration pattern could be intermittent or continuous using the ramp concept explained above which promotes simultaneous denitrification (SND). Alternated filling of four or six tanks is typical for medium and large plants). c) Use of a holding tank with short filling to two reactors (fill phase duration, T f , 1 h).
Step feeding is proposed by Artan and Orhon (2005) because the use of only one pre-denitrification period leads to To overcome these problems, the use of the ramp concept and intermittent aeration might also be applied. The iterative process of the proposed procedure (Figure 3 ) then starts with an initial selection of the cycle time (T c ), the filling and mixing/aeration patterns from amongst those described above, and the fill phase duration (T f ) in the case of using a holding tank. It should be noted that only an operational strategy with constant T c is considered in this paper. The initial volume (V o ) and the duration of the settling phase (T s ) are selected next. As a result, the actual volumetric exchange ratio (VER act ¼ V f /V max ) is calculated, where V f is the fill volume. Then this is followed by the selection of the overall SRT, i.e. it includes the SRT devoted to settling. In the course of the iterative process SRT might either be changed, in order to get the minimum value to meet the effluent requirement, or predefined with a high value for sludge stabilization purposes. The last selection corresponds to the duration of the mixing and aerated phases (T m and T a ), the latter including either the K L a value or the set points of the dissolved oxygen controller.
The dynamic simulation with an activated sludge model follows until the steady state is achieved. Predictions are provided of the values of relevant parameters in every cycle of the SBR process, such as: effluent NH 4 -N and NO 3 -N, X ML before settling, and maximum K L a. From this point the procedure continues with the verification of predefined requirements. Firstly, the biological nitrogen removal is verified by means of two loops. In loop 1, the aim is to suitably select the duration of the mixing and aeration phases in order to achieve a simulated value of about 2 mg/l of effluent NH 4 -N in composite sample (rather than lower values) since it leads to optimum SRT values. Loop 1 is nested within loop 2. In loop 2 the minimum SRT should be selected to match both NH 4 -N and NO 3 -N requirements since SRT is correlated with the total nitrogen removal capacity. For high SRTs with sludge stabilization purposes, the criteria might be to match a given requirement for a sludge oxygen uptake rate (OUR). Loop 3 refers to the verification of the settling process. For this purpose, the maximum VER and minimum settling phase (T s ) are calculated from the following equations derived from the ATV guideline ATV-M210, with X ML being taken from the simulation.
VER max ¼ ð1 2 X ML ÁðSVI=1000ÞÞ 2 0:1 where, H w,max : predefined maximum water height
Then, the actual VER and T s are checked, allowing V o to be optimized to match maximum VER and minimum T s . Loops 1 and 2 are nested within loop 3. Finally, loop 4 aims at the verification of maximum K L a, where either a DO controller has been applied or a constant K L a has been predefined. If maximum K L a is not met, changes in the cycle time or in the filling/aeration pattern, or in V o should be applied. As a general rule, different filling and aeration patterns and different cycle times can be tested over several runs where dry weather conditions are applied as the starting step in order to determine the initial volume (V o ) and the remaining operational conditions (SRT, etc.). Then, to determine V max , it is proposed that the obtained V o for DWC is maintained, if possible, and the WWC applied subsequently. The effluent requirements for NH 4 -N and NO 3 -N will be met comfortably, and it is also proposed that SRT and V o are selected to match VER and T s limits and at the same time to maintain the mass of suspended solids in the reactor nearly constant. Once the V max design value has been selected, DWC operation might use higher V o or different T c values than those established in the design process in order to benefit from the V max available.
Application of the design procedure
In this section the effect on design and operation of different SBR configurations and of several operating conditions are analysed in different case studies. A tailored program developed within the WEST platform which makes the changes in the operating conditions of the SBR process easier has been used in the simulations of the ASM2d model. Bioreactions also take place during settling.
Case study 1: Continuous filling and intermittent aeration
The case of the village of Armiñon has been analysed for this study with the dry weather conditions (DWC) presented in Figure 1 . The wet weather conditions (WWC) consist of the dry concentrations diluted with a rainfall of four times the average dry weather flow, and the maximum flow accepted in the SBR bioreactor, which corresponds to four times the average dry weather flow. The effluent requirements are NH 4 -N ¼ 2 mgN/l and NO 3 -N ¼ 10 mgN/l at 20 8C. Other requirements are: maximum SVI of 180 ml/g, minimum SRT, and maximum water height of 4 m (H w,max ).
Effect of number of intermittences in dry weather conditions. As described above, the aeration pattern is based on a DO controller using the ramp concept. The application of 3, 4 and 5 intermittences of mixing/aerated intervals has been tested using the same V o and SRT. It is found that the higher the number of intermittences, the higher is the K L a value, even after applying a slower ramp in the DO controller. However, the application of three intermittences requires control of DO at too low levels. Four intermittences might provide an intermediate solution (Table 1 and Figure 4) .
Wet weather conditions (Sim. no 2). Following the rule proposed above, the procedure results in slightly higher V o (18 m 3 ) than in DWC and in V max of 97 m 3 . Obviously, K L a decreases considerably in WWC (Table 1) .
Case study 2: two reactors with holding tank
The case of a village with 1000 p.e. and a flow rate ratio of 220 l/d p.e., including infiltration is considered. The influent flow rate to the SBR process is assumed constant, with a value of 220 m 3 /d. The concentrations are also constant and taken from the average values gathered in Figure 1 . The requirements are the same as in case study 1, with the exception of the temperature and SVI, which are 12 8C and 140 ml/g respectively.
Effect of Tc (Sim. no 4-6). The feeding pattern consists of only one fill phase of 0.5 hours at the beginning of the cycle. The aeration pattern consists of two successive intermittences of mixing-aerated intervals using a DO controller in which the initial ramp concept may be applied if appropriate. The optimum simulation results gathered in Table 2 denote that the minimum V max is obtained with a T c of 6 hours by virtue of the fact that V f reaches its lowest value and that V o is almost constant. Nevertheless, this low T c leads to the highest X ML , the lowest VER, and, significantly, to the highest K L a at the beginning of the first aeration interval. The latter is caused by the impossibility of using the ramp concept. If this is applied, it is not possible to meet the effluent requirements. 
For a T c of 8 hours, a ramp of 1 hour is feasible and K L a decreases to 100 d
21
. For a T c of 12 hours, all the above observations are intensified.
Effect of fill and aeration pattern (Sim. no 5 and 7) ( Figure 5 ). Taking as initial conditions the design parameter values of simulation no 5 with a T c of 8 hours, a dual step feeding of 0.5 hours each was introduced, combined with 2 successive mixing/aerated intervals (Figure 5b ). It was not found feasible to apply the ramp concept when trying to meet effluent requirements. Consequently, this gave rise to higher K L a than in simulation 5 ( Table 2) .
Effect of temperature (Sim. no 8). Taking as initial conditions the design parameters of simulation number 5 with a T c of 8 hours, the temperature was raised to 20 8C in simulation no 8 with the resulting increase in OUR and K L a. To counteract this effect, a slower ramp was feasibly applied because nitrogen removal also increases with temperature. Using the same 10-day SRT as at 12 8C, the effluent total nitrogen is much lower than required. The X ML is also lower, which would allow an operation with higher SVI (170 ml/g). The lower the SRT, the higher the SVI allowed for operation.
Effect of SVI (Sim. no 9). If SVI increases above 140 ml/g, a T c of 6 hours can be applied, V o then increases from 55 to 64 m 3 , meeting in turn the effluent requirements. The same case of 1000 p.e. is considered. The dry and wet weather variability for flow rate and concentrations are those used in case study 1 (Figure 1 ). The effluent and other requirements are those applied in case study 2.
Design at 12 8C (Sim. no 10-16). As COD and nitrogen loads to the two reactors are different, simulations have been carried out for both with cycle times of 6, 8 and 12 hours where T f ¼ T c /2. In this case the aeration pattern of only one set of mixing-aerated intervals using a DO controller with the ramp concept was applied, instead of using intermittences in the course of the filling phase. The optimum results shown in Table 3 reveal that the minimum V max is obtained with a T c of 6 hours, as in case study 2, but that the maximum K L a only amounts to 110 d 21 in reactor R1. This is lower than that found in case study 2 and is due to the ramps used during aeration, something which was not feasible in case study 2. Figure 6 indicates when effluent requirements are met in composite samples of the four discharges carried out in the course of the day. In wet weather conditions, V o for reactor 1 is kept at 90 m 3 and V max rises to 200 m 3 . In addition, a SRT of 20 days is sustained, which produces a X ML of 2400 mg/l, that matches the maximum VER. Logically, the V max with a T c of 6 hours without holding tank doubles the V max with holding tank and a T c of 8 hours.
For the other reactor, R2, the resulting values of V o and V max in DWC needed to meet the requirements were higher (130 m 3 ) than for reactor R1 (90 m 3 ), since the higher influent nitrogen load led to the application of higher SRT and, consequently, higher X ML (Sim. no 16). Nevertheless, in WWC, the same V o and V max as obtained in R1 could be feasibly applied if SRT were decreased to 16 -17 days. 
Conclusions
From the experimental study in a SBR pilot plant continuously fed and aerated intermittently, it was concluded that a suitable combination of a dissolved oxygen control pattern and the number of intermittences could be established to achieve optimum nitrification and denitrification with reasonable values of maximum K L a. With regard to the design procedure, it is thought that the simple proposed structure embracing selection of operating conditions, simulation and verification in four nested loops makes the iterative process a user-friendly and efficient means of achieving the final results. The application to a case study with a SBR process using only one reactor, fed continuously and aerated intermittently, achieved optimum nitrogen removal when applying four intermittences and a dissolved oxygen controller. In the case of a SBR process using two reactors after a holding tank, it was found that a cycle time of eight hours achieved optimum results without applying step feeding. Finally, in the case of not using a holding tank, a cycle time of six hours was feasible, thereby minimizing the hydraulic retention time. In all cases, the application of a dissolved oxygen controller with a ramp at the beginning of the aeration phase has been proved to be very powerful.
